Diagnostic PCR assays were developed to track common genetic determinants of oxacillin resistance as well as resistance to classical tetracyclines in Staphylococcus aureus isolates from the recently completed worldwide phase 3 clinical trials of tigecycline. A total of 503 unique S. aureus strains isolated from complicated skin and skin structure infections were analyzed. The mecA gene was amplified from 120 strains (23.9%) determined to be resistant to oxacillin (MICs > 4 g/ml). The prevalence of the mecA gene was found to vary regionally from 6.5% to 50.9% among isolates originating in Eastern Europe and North America, respectively. The presence of a tetracycline resistance determinant, tet(M) or tet(K), among methicillin-resistant S. aureus (MRSA) isolates also varied regionally, with a range of 11.9% to 46.2% among isolates tested from North America and Eastern Europe, respectively. The occurrence of a tetracycline resistance marker in methicillin-susceptible S. aureus (MSSA) strains varied from 2.5 to 16.1% among the isolates tested across the regions of study. The presence of tet(M) or tet(K) had no discernible effect on the tigecycline MICs for either MRSA or MSSA strains, which is consistent with the ability of the glycylcyclines to retain activity in the presence of both the ribosomal protection and efflux mechanisms of resistance to the tetracyclines.
Staphylococcus aureus is a remarkable pathogenic organism that has acquired resistance to all classes of antimicrobials and thus is a continuing threat in both the hospital and community health care settings (1, 21) . The acquisition of the mecA gene, which confers resistance to methicillin, spawning so-called methicillin-resistant S. aureus (MRSA), has resulted in a highly resilient pathogen that has reached epidemic levels in many parts of the world (5, 12, 16, 43) . As MRSA strains are often resistant to other antibiotic classes (22, 23, 46, 50) , surveillance for this important pathogen is a priority. Moreover, with the recent reports of vancomycin-resistant strains of S. aureus in the United States and Japan, treatment options are clearly limited and support ongoing efforts to identify novel agents for infection control as well as the reengineering of successful agents from the past (23, 53) .
Numerous studies have shown that the incidence of MRSA throughout the world is rising; however, regionally the rates differ dramatically (5, 8, 16, 54) . Current studies place the incidence of MRSA in blood isolates from Europe at 20 to 35% (16, 19, 44, 54) . A recent analysis revealed that when the incidence is broken down geographically, the incidence of MRSA was significantly higher in Southern Europe than in Northern Europe, with rates ranging from a high of 44% to a low of 0.5%, respectively (16, 54) . Consistent with this finding, the recent British Society for Antimicrobial Chemotherapy study found that in the United Kingdom and Ireland the incidence of MRSA among blood isolates was 42% (44) . Among skin isolates collected between 1997 and 2000 in Latin America, the rate of occurrence of MRSA was 28.4% (49) . The rates of occurrence of MRSA among isolates from all clinical sources from pan-Asian sites are reported to vary from a low of 5% in the Philippines to a high of 69.5% in Japan (3) . The SENTRY study (isolates collected in 2000) found that 29.5% of skin and skin structure infection isolates in the United States and Canada were resistant to methicillin, an increase from the rate of 24% reported in the 1999 study (isolates collected in 1997) (17, 43) . A considerable rise in the rates of MRSA infection among patients in intensive care units was reported by the National Nosocomial Infections Surveillance report in 2003 (12) . That analysis found an incidence of 57.1%, an increase of 13% over that reported in the previous 5-year period (1997 to 2002).
Currently, a number of technologies are available for the detection and confirmation of MRSA (2, 28, 37) . Several commercial kits have been developed for the rapid confirmation of MRSA following growth on oxacillin (6 g/ml)-supplemented agar. However, multiplex PCR still remains the "gold standard" for the confirmation of MRSA through direct detection of the mecA gene in clinical isolates and distinguishing between MRSA and borderline oxacillin-resistant strains (37) .
The growth in the rates of resistance to tetracyclines has been aided by antibiotic misuse and overuse in the human population, in addition to the widespread use of the agent both as an animal growth promoter and for infection control in agriculture and aquaculture (13, 27) . Tetracyclines still remain first-line agents of choice in many parts of the world, including the United States, for a number of human infections, including acne and prophylaxis and treatment of protozoan diseases as well as periodontal diseases (13, 45) . The rate of tetracycline resistance concomitant with methicillin resistance has been reported to be as high as 57.1% across Europe and as low as 1.5% in the United Kingdom and Ireland (44, 51) .
The isolates in the present study were obtained from the recent worldwide phase 3 clinical trials of tigecycline, a novel glycylcycline antibiotic (10, 26, 41, 52) . Tigecycline has been shown to have activity against resistant gram-negative and gram-positive pathogens, including MRSA, glycopeptide-intermediate S. aureus, penicillin-resistant Streptococcus pneumoniae, vancomycin-resistant Enterococcus spp., and extended-spectrum ␤-lactamase-expressing Escherichia coli and Klebsiella pneumoniae (4, 6, 7, 10, 20, 29, 32, 40) . Additionally, tigecycline has demonstrated potency against organisms expressing tetracycline resistance determinants specifying either ribosomal protection [e.g., tet(M)] or efflux [e.g., tet(K)] (18, 41) .
This study was conducted to investigate the incidence of mecA and several common tetracycline resistance determinants among S. aureus strains isolated during phase 3 clinical trials of tigecycline for skin and skin structure infections (11, 48) .
MATERIALS AND METHODS
Bacterial strains. Clinical isolates of S. aureus were from phase 3 double blind clinical trials comparing the safety and efficacy of tigecycline to those of an active comparator for the treatment of complicated skin and skin structure infections (2002 to 2004) (11, 48) . Patient specimens were processed and bacterial pathogens were cultured by each site laboratory according to local practices. Individual investigators sent all bacterial isolates to a central laboratory for identification and susceptibility testing. Primary cultures were provided to Wyeth Research in frozen vials. Upon receipt, the isolates were plated onto blood agar, checked for purity, and frozen in skim milk-glycerol (50:50) at Ϫ70°C. Confirmation of species identity, when necessary, was by standard microbiological methods (33) .
In instances in which multiple isolates from a single patient were collected, Riboprinting (Qualicon; Dupont, Wilmington, DE) was used, according to the manufacturer's instructions, to determine if the isolates were serial isolates of the same strain or represented different strains. If the isolates were identical, only the first isolate, based on the hospital collection date, was included in the analysis. The S. aureus strains used as controls for the PCR assays are shown in Table 1 .
Susceptibility determination. Tests for susceptibility to tigecycline, minocycline, and tetracycline were performed by the broth microdilution method with fresh Mueller Hinton II broth, as recommended by the Clinical Laboratory Standards Institute (CLSI; formerly NCCLS) (14, 35) . The methicillin resistance of staphylococci was determined by MIC tests for oxacillin supplemented with 2% NaCl and was interpreted according to the criteria of CLSI (35) . A screening test for resistance to tetracycline was performed by the disk diffusion method, according to standard protocols (34) .
Whole-cell lysates. S. aureus isolates were plated on Trypticase soy agar (Becton Dickinson and Company, Cockeysville, MD). Following overnight incubation, several colonies were collected with a 10-l loop and resuspended in 250 l 50 mM Tris (pH 8) supplemented with 50 g lysostaphin (glycyl-glycine endopeptidase) (Sigma, St. Louis, MO). The cell suspension was incubated for 15 min at 37°C, followed by placement in a boiling water bath for 5 min. The lysate was subjected to brief centrifugation at 14,000 ϫ g, and 1 l of the supernatant was used as the template for amplification.
Amplification of mecA, tet(K), and tet(M) genes. Primers were designed from the respective published sequences (36, 42, 47) as well as from the sequence information directly deposited in GenBank (www.ncbi.nlm.nih.gov) ( Table 2) . The primer sequences, the primer location (starting base pair), and the expected amplicon size are shown in Table 2 . In addition to the resistance determinant, a primer set specific for the 16S rRNA-coding sequence was also added for internal standardization and quality control of the assay (42) . Control strains that were previously characterized, based on antibiotic resistance and the presence of specific determinants, were used for assay development ( Table 1 ). The FAIL SAFE PCR system (Epicenter Technologies, Madison, WI) was used for amplification. Buffer E, supplied by the manufacturer, was used for the mecA-and tet(M)-specific primer sets, and buffer C was used for the tet(K)-specific primer set. One microliter of the whole-cell lysate was used in the PCR assay in a 25-l-volume reaction mixture. The cycling conditions were as follows: the initial denaturation step consisted of 5 min at 94°C; and amplification consisted of 30 cycles of 1 min at 56°C, 1 min at 72°C, and 1 min at 94°C, with a final 1 min at 45°C followed by an extension step of 5 min at 75°C. The reaction products were resolved on a 0.8% agarose gel containing 0.5 g/ml ethidium bromide. Several PCR products for each target from the control strains were cloned and sequenced to confirm the identity of each amplicon (data not shown).
RESULTS
Incidence of mecA in S. aureus clinical isolates. A total of 503 S. aureus strains collected during worldwide phase 3 clinical trials of tigecycline for the treatment of complicated skin and skin structure infections were analyzed for resistance to oxacillin (MICs Ն 4 g/ml) by a standard methodology (14, 35) . Isolates were predominately from skin (93%) and blood (4%). One hundred twenty strains were identified as MRSA (23.9%) and were subjected to PCR analysis to determine the presence of the mecA gene. PCR confirmed the presence of the mecA gene in all 120 of the phenotypically defined MRSA strains. The worldwide occurrence of mecA determined by region is shown in Table 3 . Among the regions where 20 or more strains were collected, the highest incidence of MRSA was in North America (United States and Canada [50.9%]), whereas the lowest incidence was in Eastern Europe (6.5%). For a single country, the highest incidence of MRSA was found to be 63.6% in the United States. Prevalence of tetracycline resistance determinants in S. aureus clinical isolates. MRSA strains were subjected to PCR analysis to determine the occurrence of the major tetracycline resistance genes, tet(K) and tet(M), coincident with the occurrence of mecA. Overall, the prevalence of a tetracycline resistance gene among MRSA isolates was found to be 19.2%, with tet(K) and tet(M) present in 73.9% and 13% of the tetracycline-resistant strains, respectively (Table 3) . Only three strains (13%) were found to encode both genes. Regionally, the rates varied considerably; however, only the North American region had more than 20 MRSA isolates available for analysis.
Methicillin-susceptible S. aureus (MSSA) strains for which the minocycline MIC was Ն8 g/ml were subjected to PCR to identify the tetracycline resistance determinant responsible. Those isolates that were minocycline susceptible (MICs Յ 4 g/ml) were tested for tetracycline susceptibility by the disk diffusion assay (34) . An analysis of 383 MSSA strains revealed an overall prevalence of 11.0% tetracycline-resistant isolates, with regional variations consisting of a low of 2.5% in North America to a high of 16.1% in Eastern Europe (Table 4) . Among the resistant strains, tet(K) (73.8%) was found more often than tet(M) (21.4%) in this study, with only two strains (4.8%) encoding both resistance determinants.
Activity of tigecycline against MRSA and tetracyclineresistant S. aureus isolates. Tigecycline demonstrated potent activity against MRSA and MSSA strains, with the MIC at which 50% of isolates are inhibited (MIC 50 ), the MIC 90 , and the MIC range being 0.12 g/ml, 0.25 g/ml, and 0.06 to 1.0 g/ml, respectively (Table 5) . Additionally, the tigecycline MICs were unchanged for tetracycline-resistant strains (MRSA and MSSA isolates) bearing either tet(M) (MIC 50 ϭ 0.12 g/ml, MIC 90 ϭ 0.25 g/ml, MIC range ϭ 0.12 to 0.25 g/ml) or tet(K) (MIC 50 ϭ 0.12 g/ml, MIC 90 ϭ 0.25 g/ml, MIC range ϭ 0.12 to 0.5 g/ml). Likewise, the MIC range for the five strains bearing both determinants was unchanged (0.25 g/ml) ( Table 5 ).
DISCUSSION
The rate of methicillin resistance among Staphylococcus aureus isolates is clearly on the rise throughout the world, especially in the hospitalized population (16, 21) . However, as a number of recent studies have shown, the basal rates and the increase thereof vary dramatically based on geographic region. Most recently, the European Antimicrobial Resistance Surveillance System demonstrated a dramatic north-south gradient of resistance rates in blood isolates from Europe, with the highest rates of MRSA reported in the southern countries (44%) and a nearly 100-fold lower rate of resistance in some northern countries (54) . In North America, the incidence of MRSA increased from 24% to 29.5% for the period from 1997 to 2000, according to the ongoing SENTRY study of skin and soft tissue infections (43) . By contrast, MRSA incidence rates in Canada for the study period from 1997 to 1999 were reported to be less than 10% (16) . In the present study, 50.9% of S. aureus isolates in North America were found to encode and express the mecA gene. When the occurrence was analyzed by country, the occurrence of MRSA in the United States (129 isolates) was nearly 64%, whereas the incidence in Canada (36 isolates) was 5.5%. These data continue the upward trend seen in earlier studies (5, 16, 17) . Biedenbach et al. (5) reported the incidence for bloodstream isolates in North America to be 39.1%, with a 43.5% rate of occurrence among U.S. isolates. The difference in incidence is most likely affected by the demographics of the patient population in the various studies. The patients enrolled in the phase 3 clinical trial of tigecycline required hospitalization and intravenous antibiotic therapy; and this may well be the reason for the higher incidence, as the SENTRY studies did not break out incidence rates based on clinical presentation. As such, our data are more in line with the recent findings of the National Nosocomial Infections Surveillance report for 2003, in which the incidence of MRSA was reported to be 57.1% for patients in intensive care units (12) .
Our data diverge considerably from those previously reported for MRSA incidence in Latin America and South Africa (3, 49) . A unique feature of this study is an examination of the incidence of MRSA from skin infections from diverse Eastern European sites. In the present study, of the countries supplying more than 20 isolates, it was noted that both Estonia (21 isolates) and Latvia (29 isolates) lacked MRSA, whereas Poland (21 isolates) and Russia (46 isolates) had MRSA incidences of 4.7% and 10.8%, respectively. This is consistent with the findings from a recent European Antimicrobial Resistance Surveillance System study (54) , which reported an 11.8% incidence for MRSA in blood isolates from selected Eastern European countries, and the PEARLS (Pan European Antimicrobial Resistance Using Local Surveillance) study (8) , which reported MRSA incidences of 12.1% and 11.5% for isolates from diverse clinical sites from Croatia and Slovenia, respectively.
Schmitz et al. (51) demonstrated an approximately fivefold concomitant occurrence of tetracycline resistance in MRSA strains versus MSSA strains in isolates from across Europe. The incidence of tetracycline resistance in MRSA strains was reported to be 57.1% (51) . Conversely, in the recent British Society for Antimicrobial Chemotherapy study, MSSA and MRSA isolates from the United Kingdom and Ireland showed rates of tetracycline resistance of 4.3% and 1.5%, respectively (44) . In North America, the rates of occurrence of tetracycline resistance among MRSA isolates from the United States and Canada were recently reported to be 15.6% and 14.8%, respectively, whereas in Latin America and the western Pacific the rates were considerably higher, exceeding 60% (16) .
In this study the incidences of tetracycline resistance in North America was 11.9% and 2.5% for MRSA and MSSA isolates, respectively. It should be noted that none of the 36 isolates from Canada were tetracycline resistant. When tetracycline resistance in MSSA isolates was examined, the Eastern European region had an incidence of 16.1% and South Africa had an incidence of 6.1%. As the prior European study (19) had a predominately Western European representation, a direct comparison of the occurrence of tetracycline resistance is not possible.
In the present study the predominance of the tet(K) determinant in MRSA isolates was unexpected, as recent studies demonstrated that 50% of MRSA strains in Europe were minocycline resistant and encoded the tet(M) gene, although not exclusively (51) . A recent, smaller study of tetracycline-resistant MRSA isolates from Poland revealed that approximately one-third of the isolates encoded only tet(M) (55) . Our data indicate that 100% of tetracycline-resistant MRSA isolates from North America encoded only the tet(K) gene. Similarly, among MRSA isolates from Europe (Eastern and Western), 86% of the isolates encoded only tet(K). In concordance with previous studies, MSSA isolates from Europe predominately encoded the tet(K) gene. Likewise, although the numbers are small, tetracycline-resistant MSSA isolates from Latin America showed a similar bias toward encoding tet(K). When all isolates in the present study are considered, 73% of all tetracycline-resistant isolates encoded only tet(K). The MRSA isolates in this collection were typed by staphylococcal chromosomal cassette mec (SCCmec) typing by using a published multiplex PCR methodology (38) and were found to be 84% SCCmec type IV (31; Wyeth Research, unpublished data); additionally, cluster analysis based on the ribotypes found that a high percentage of the SCCmec type IV isolates clustered with previously identified community-associated MRSA isolates (15, 30) . The predominance of the SCCmec type IV element in these strains, which is devoid of non-␤-lactam resistance determinants, suggests an explanation for the lower than expected levels of tetracycline resistance in the isolate collection.
Two additional tetracycline resistance genes have been reported in S. aureus, tet(L) and tet(O) (13), but they were not included in the PCR screening assays for this study. A recent study (51) of 600 tetracycline-resistant isolates (400 MRSA isolates and 200 MSSA isolates) from Europe failed to detect tet(O) in any isolate and found tet(L) in 1.5% of MRSA isolates but not at all in MSSA isolates. Whereas the incidence was low in European isolates, it is possible that these determinants may be present in the broader collection of S. aureus strains from this study and may contribute to tetracycline resistance in the clinic.
Tigecycline was developed to evade both the efflux and the ribosomal protection mechanisms of tetracycline resistance used by increasing numbers of bacterial pathogens. The present study represents the first prospective analysis to include tigecycline susceptibility data on MRSA isolates gathered in a clinical setting. This study is also noteworthy in that it provides details on both the genetic determinants and the ranges of MICs of S. aureus isolates in the population. Moreover, in contrast to previous analyses, the susceptibility data presented followed the recently approved reference methodology that instructs that MIC testing must use fresh media in order to generate accurate MIC data (9, 14, 39) . The results of this study demonstrated that clinical isolates of S. aureus encoding tet(M) or tet(K), or both determinants, result in tigecycline MICs that were identical to those obtained with tetracycline-susceptible strains. It also demonstrated the utility of reengineering existing antimicrobial agents to evade the resistance mechanisms posed by bacterial pathogens. Moreover, with the broad-spectrum efficacy demonstrated by tigecycline in clinical trials and ongoing studies, this novel agent provides a much-needed therapeutic option for the clinic.
